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The history and current status of glyphosate
Stephen O Duke*
Abstract
Glyphosate is the only herbicide to target the enzyme 5-enolpyruvyl-3-shikimate phosphate synthase (EPSPS). It is a high
use rate, non-selective herbicide that translocates primarily to metabolic sinks, killing meristematic tissues away from the
application site. Its phloem-mobile properties and slow action in killing weeds allow the herbicide to move throughout the
plant to kill all meristems, making it effective for perennial weed control. Since commercialization in 1974, its use has grown
to dominate the herbicide market. Much of its use is on transgenic, glyphosate-resistant crops (GRCs), which have been the
dominant transgenic crops worldwide. GRCs with glyphosate provided the most effective and inexpensive weed management
technology in history for a decade ormore. However, as a consequence of the rapid increase in glyphosate-resistant (GR)weeds,
the effectiveness of glyphosate use in GRCs is declining. Critics have claimed that glyphosate-treatedGRCs have alteredmineral
nutrition and increased susceptibility to plant pathogens because of glyphosate’s ability to chelate divalent metal cations, but
the complete resistance of GRCs to glyphosate indicates that chelatingmetal cations do not contribute to the herbicidal activity
or significantly affect mineral nutrition. The rates of increases in yields of maize, soybean, and cotton in the USA have been
unchanged after high adoption rates of GRCs. Glyphosate is toxic to someplant pathogens, and thereby can act as a fungicide in
GRCs. Ultra-lowdoses of glyphosate stimulate plant growth in glyphosate-susceptible plants by unknownmechanisms. Despite
rapid and widespread increases in GR weeds, glyphosate use has not decreased. However, as GR weeds increase, adoption of
alternative technologies will eventually lead to decreased use.
Published 2017. This article is a U.S. Government work and is in the public domain in the USA.
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1 INTRODUCTION
Glyphosate is the most successful herbicide in history.1 This
discussion briefly chronicles how this came to be and provides
some speculation about its future. Glyphosate was a highly
successful non-selective herbicide before the introduction of
glyphosate-resistant crops (GRCs); however, the introduction of
GRCs greatly increased its use in those countries approving their
cultivation (e.g. Figs 1 and2).2 Almost 90%of the land area covered
by transgenic crops worldwide is planted in herbicide-resistant
crops (HRCs), and almost all of these have been GRCs.3 The
economic reward to farmers who adopted the GRC technol-
ogy was the principal driver for the phenomenal success of this
technology.4–6 All of this has made glyphosate the most used
pesticide worldwide.1
Glyphosate has been the focus of intensive scientific study
and product innovation. The number of scientific publica-
tions and patents involving glyphosate has increased to
almost 20 000 in the past 40 years, with most of them in the
past 15 years (Fig. 3). Glyphosate is beginning to rival 2,4-D
(2,4-dichlorophenoxoyacetic acid) as the most studied herbicide
in history.
The third decade of the use of GRCs has begun, and the HRC
scenario is becoming more complex as a consequence of the
evolution of weed resistance to glyphosate and the introduction
of new HRCs. After about 10 and 20 years of GRC use, I analyzed
the then current state and potential future of GRCs.7,8 Dramatic
changes are occurring in the utility of glyphosate for GRC use that
could impact prospects for its future. This perspective summarizes
the history and current status of glyphosate after more than
two decades of growing GRCs. I discuss the rapidly changing
aspects of evolution of resistance to glyphosate and competing
and complementary herbicides, aswell as newweedmanagement
technologies that might influence future use of glyphosate.
2 PRE GLYPHOSATE-RESISTANT CROPS
Glyphosate was commercialized in 1974, when new herbicide
modes of action were being introduced every 2 to 3 years.9,10 Prior
to the introduction of GRCs, glyphosate use was similar to that of
the bipyridinium herbicides, paraquat and diquat, which were first
commercialized over a decade earlier than glyphosate.11 Bipyri-
diniums and glyphosate are widely used non-selective herbicides
that are essentially inactive in soil. Glyphosate continues to be
used in non-crop situations such as on roadsides, on and beside
railway tracks, and in pre- and post-cropping of fields, as well as
for control of vegetation of the understory in trees and orchard
crops, with care that none drifts on to the green vegetation of
the crop. Althoughmore expensive than paraquat, glyphosate has
several advantages. Unlike paraquat, which is a rapidly acting con-
tact herbicide, glyphosate is slow acting and readily translocates
tomeristemsdistant from the treated foliage.12 Glyphosate’s excel-
lent systemic properties allow theweed to be killed by application
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Figure 1. Geographic distribution and estimates of glyphosate use in 1994 and 2014 in the USA.2
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Figure 2. Glyphosate use in the USA by year and crop. The arrow denotes the introduction of GRCs.2
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Figure 3. Papers and patents retrieved in SciFinder using the keyword
‘glyphosate’. Each bar represents the total in that year plus the previous
4 years.
toonly a small percentageof theweed’s foliage. Thus, glyphosate is
much more effective than paraquat in preventing re-growth from
meristems, and therefore has a tremendous advantage in killing
perennial weeds. Lastly, the bipyridiniums are probably the most
acutely toxic herbicides to vertebrates,13 but extensive investiga-
tions have shown that glyphosate and its degradation product
aminomethylphosphonic acids (AMPA) have very low acute and
chronic toxicity,14–17
Glyphosate is a superior herbicide,1 but glyphosate’s high level
of phytotoxicity to crops limited its use. Attempts were made
to use glyphosate in row crops while avoiding contact with the
crops by employing application devices that did not use broadcast
spraying, such as shielded sprayers and rub-on (e.g. rope wick and
carpet) applicators, andby applyingglyphosate as spot treatments
to individual weeds.18,19 However, as a result of its highly systemic
properties, only a small amount of glyphosate on the crop, as a
result of drift or direct application, can injure or kill a crop plant.
These application technologies were not widely adopted because
of technical problems in getting the herbicides to all of the weeds
and frequent, unacceptable levels of crop damage. Making crops
resistant to glyphosate via biotechnology solved the problem.
3 THE GOLDEN AGE OFWEED
MANAGEMENT; THE FIRST TEN YEARS
OF GLYPHOSATE-RESISTANT CROPS
The first commercialized HRCs in 1995, bromoxynil-resistant and
glufosinate-resistant canola, had little impact, but the introduction
in 1996 of the first GRC, glyphosate-resistant (GR) soybean, started
a weed management revolution.1,7,8,20 Within 10 years, adoption
of GR soybean in the USA was >90%, followed later by >90%
adoption of GR cotton and maize, with a plateau of all three at
>90% by 2014 (Fig. 4). Adoption of GR soybean in Argentina was
more rapid,21 and the adoption rate in Brazil has also been high.22
Adoption rates of other GR crops (alfalfa, canola, and sugarbeets)
in the USA has been high too. In the case of GR sugarbeets in the
USA, the adoption rate was 95%within 3 years (commercialized in
2007).23
This technology was a boon for farmers, as it simplified and
reduced the cost of weed management, while giving bet-
ter results than the multiple herbicides previously needed to
give adequate weed management in these crops. The positive
impact was perhaps even greater for small farmers who had
neither the expertise nor budget for consultants to generate
prescription herbicide remedies for specific weed problems. The
economic and efficacy reasons for this outstanding success have
been detailed in many publications.1,4,8,20,21,24–26 Furthermore,
this technology reduced the environmental impact of weed
management through reductions in tillage, fossil fuel use, and
the use of more toxic herbicides, detailed in many previous
reviews.27–30 It was the golden age of weed management with
simple, economical, and outstandingly effective weed manage-
ment with reduced environmental impact, using a herbicide
active ingredient that was considered to be virtually non-toxic to
humans.
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Figure 4. GRC adoption in soybean, maize and cotton by year in the USA.
In the USA, use of glyphosate climbed rapidly after the intro-
duction of GRCs (Figs 1 and 2). Concomitantly, use of other her-
bicides that had been used with these crops plummeted.31 For
example, use of the mostly soybean protoporphyrinogen oxidase
inhibitor herbicide acifluorfen was greatly reduced after GR soy-
beanswere introduced in 1996 (Fig. 5). Similar reductions occurred
with other herbicides that had been used in the crops that had
been made glyphosate resistant. The phenomenal success for
GRCs significantly devalued the market for other herbicides, lead-
ing to reductions in investment in herbicide discovery,with at least
one company abandoning herbicide discovery efforts. This was at
the time when the introduction of new herbicide modes of action
had stopped10 and weed resistance to existing herbicides’ modes
of action had begun a logarithmic climb.32 Nevertheless, farmers
were not worried because they had been assured early on that the
GRC technology was durable.33 Still, some claimed that the tech-
nology was flawed, not because of looming resistance, but as a
result of other issues.
4 DETRACTORS
As mentioned above, most analyses of the environmental impact
of GRCs found an improvement over the multiple herbicides and
tillage that they replaced. The most publicized claims of problems
with GRCs have centered around plant disease, mineral nutrition,
yields, and glyphosate toxicology. Two of these topics, mineral
nutrition and plant disease as affected by glyphosate, are dealt
with in other papers in this special issue of Pest Management Sci-
ence.34,35 Briefly, despite a few highly publicized papers indicating
that glyphosate alters plantmineral nutrition in GRCs and that this
and other GRC characteristics result in increased fungal pathogen
infestation ofGRCs, the preponderance of peer-reviewed literature
does not support these theories.34–36
Another issue has been whether there is a yield reduction
in GRCs attributable to either the GR transgene(s) used or to
glyphosate. Some of the early GRC cultivars did not have themore
elite germplasms for yield, and in at least GR cotton, the gene
for resistance was not expressed highly enough in reproductive
tissues to always prevent crop damage from glyphosate in the
field.37 Furthermore, under some environmental conditions, tran-
sient yellowing of soybean leaves by glyphosate application was
sometimes observed.36,38 This was determined to be a result of
the transient effect of the slightly phytotoxic degradation product
of glyphosate, AMPA.38 Improved gene expression and more elite
germplasms have ameliorated early problems with this technol-
ogy. The incremental gain in yield of soybean, maize and cotton
that occurred in the USA before GRCs continued at essentially the
same rate after introduction of GRCs.36 After considering this lack
of influence of glyphosate or the GR trait, a US National Academy
of Science study suggested that more research should be carried
out in controlled environmentswith appropriate controls to deter-
mine if yields are affected by glyphosate or the GR transgene.39
Such studies carried out recently have found no effects of
glyphosate use on GRCs or the GR transgene on crop yield.6,34,40
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Figure 5. Yearly use of acifluorfen in the USA by crop.2
Glyphosate-treated GRC soybeans contain glyphosate and
AMPA.41 This is documented by the US Department of Agriculture
(USDA) Pesticide Data Program, an extensive program that mon-
itors pesticide residues in many crops.42 However, this program
reports neither glyphosate nor AMPA in harvested GR maize seed,
aswe (Reddy KN et al., unpublished) have also found.Many studies
over decades have found no significant acute or chronic toxico-
logical effects of glyphosate on mammals at realistic potential
exposure doses,14- 17 although there has been controversy based
on in vitro studies and/or environmentally irrelevant high in vivo
dosages, especially in Europe. The recent US National Academy
of Science report on genetically engineered crops came to these
conclusions: “..the large number of experimental studies provided
reasonable evidence that animals were not harmed by eating food
derived from GE crops. … livestock health before and after intro-
duction of GE crops showed no adverse effects associated with
GE crops. The committee also examined epidemiological data on
incidence of cancer and other human health problems over time
and found no substantial evidence that foods from GE crops were
less safe… ”.39 Recent analyses of potential acute and chronic
adverse health impacts of glyphosate16,17,43–45 corroborate the
many past studies that found no significant toxicological prob-
lems with glyphosate.14,15 A recent study in which glyphosate use
by farmers was analyzed in a multivariate regression analysis with
35 health indicators found no effects, whereas changes in blood
chemistry parameters that suggested possible adverse effects
on renal function levels of serum folic acid correlated with use of
other herbicides .46 The authors concluded that changing from
conventional crops to GRCs would likely benefit farmer health.
A recent analysis of the impact of glyphosate use in GR maize,
cotton and soybean on the acute and chronic hazard quotients
attributable to herbicides for these crops in the USA indicated that
herbicides other than glyphosate account for most of the hazard
quotients from herbicide use in these crops.47 In maize, acute
toxicity decreased dramatically after the introduction of GRmaize,
while the chronic hazard quotient increased slightly, but 88% of
themaize chronic hazard quotientwas attributable to atrazine and
mesotrione use. In cotton, the acute toxicity hazard was reduced
dramatically after the introduction of GR cotton; however, the
chronic herbicide hazard quotient went up, almost entirely as a
consequenceofdiuronuse. AftermaximumadoptionofGRcotton,
glyphosate accounted for only 0.2%of the chronic hazardquotient
associated with herbicide use. Chronic and acute herbicide hazard
quotients associatedwith herbicide use decreased by 78 and 68%,
respectively, between 1990 and 2015, during which US farmers
switched from use of many herbicides to mostly glyphosate use,
augmented with only a few other herbicides.30,31,47
Toxicological issues with glyphosate might be controversial, but
an unequivocal major problem with glyphosate use is that of
evolved herbicide resistance, a decades-long agricultural chal-
lenge associated with many other important herbicides that is
found in both conventional crops and HRCs.
5 DARWINIAN REALITY SPOILS A GOOD
THING
The most unequivocal problem for glyphosate and GRC use has
been the burgeoning evolution of resistance to glyphosate in
weeds, as a result of themassive selection pressure createdby con-
stant and widespread use of this highly successful technology. As
of mid 2017, 37 weed species were reported to have evolved resis-
tance to glyphosate, and new GR species are being reported at a
current rate of more than two new species per year.48 Much of this
increase inGRweeds has been inGRCs, where farmers have almost
exclusively used glyphosate year after year.49 However, continu-
ous use in non-GRC settings (e.g. orchards) accounts for a signif-
icant fraction of evolved GR weed species. Some weed scientists
predicted what has happened, but even if farmers believed such
predictions, the unprecedented ease, economy, and efficacy of
this revolutionary technologymade theprecautionary use ofmore
diversifiedweedmanagement unacceptable to them. Themindset
was to adapt if glyphosate resistance comes. Bonny31 provides a
detailed analysis of howweed scientists, farmers, and agribusiness
have coped with GR weeds. As glyphosate resistance has become
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Figure 6. Yearly use of glufosinate in the USA by crop.2
morewidespread, adoptionofweed resistancemanagementprac-
tices is becomingmore common,50 but these practices are still too
infrequently used in the absence of GR weeds.
Some of the GR weeds (particularly, Lolium spp., Amaranthus
spp., and Conyza spp.) have caused severe problems that have
lowered weed management efficacy and significantly increased
the cost of weedmanagement.50 Farmers with GR weed problems
have reinstituted tillage regimes and the use of additional herbi-
cides that control GR weeds. For example, as seen in Fig. 5, the use
of acifluorfen in soybeans, which had plummeted with the adop-
tion of GR soybeans, began a slow rise in 2013 for this crop. Thus,
evolutionofGRweeds is erodingwhatever environmental and tox-
icological benefits have been claimed to have accrued from adop-
tion of GRC/glyphosate technology.51
6 UNEXPECTED PHENOMENAOF
GLYPHOSATE
Two very real, but usually subtle, phenomena have been found
with glyphosate over the years. The first is that, although the
preponderance of evidence indicates that glyphosate does not
promote disease in GRCs,35,36 glyphosate can act as a fungicide
with some plant pathogens in GRCs.52,53 Patents have been issued
for use of glyphosate to control crop pathogens, but this use
is not on the glyphosate label. This phenomenon has not been
studied in detail, and the effect is not likely to be recognized in
the field, as the effect is unlikely to be as clear as the effects of
a commercial fungicide. This understudied effect would only be
seen when the timing of glyphosate application and the exposure
to a glyphosate-sensitive pathogen are synchronized for getting
adequate amounts of glyphosate to the pathogen for a significant
effect. Considering theenormoususeof glyphosateover vast areas
ofHRCs, the unknownbenefits of such effects couldbe substantial.
The second unexpected phenomenon is stimulation of
glyphosate-sensitive plant growth at ultra low doses, a phe-
nomenon known as hormesis.54 Herbicide hormesis is not
exclusive to glyphosate, but it appears to be more pronounced
and repeatable with glyphosate than with other herbicides.54.
Brito et al.55 review this topic in this issue of Pest Management
Science. We do not know the impact of glyphosate hormesis in
the field, but it may be implicated in evolution of GR weeds.55,56
In contrast, it could sometimes enhance the growth and/or yield
of GRCs if the application rates used for weed management are
in the hormetic dose range. To my knowledge, this has not been
looked for in carefully designed experiments, but occasionally
there is some evidence that this occurs. For example, Williams
et al.40 found that a recommended rate of glyphosate increased
GR sweetcorn ear number and kernel mass, independently of
weed control benefits.
7 THE UNCERTAIN FUTURE OF GLYPHOSATE
Evolution of GR weeds is likely to be the biggest hindrance to
the use of glyphosate in the near future. One could say that the
incredible success of glyphosate with and without GRCs has been
the source of its potential decline, just as the success and overuse
of antibiotics have jeopardized their use. Still, even with GR weeds
becoming a costly problem in GRCs, farmers continue to use
glyphosate in GRCs because the majority of weed species in these
crops are still susceptible, andglyphosate is theherbicideof choice
for most of these weeds. The adoption rate continues to be >90%
in cotton, maize and soybean in the USA, even after GR weeds
became a major problem in GRCs (Fig. 4). Glufosinate-resistant
crops have been available since 1995, but the glufosinate use
rate in major crops has been relatively low since then, although
there has been an upward trend in glufosinate use in cotton and
soybeans, in large part as a result of the availability of HRCs with
both glyphosate and glufosinate resistance (Fig. 6). A short-term
solution to the GR weed problem will be HRCs made resistant to
old herbicides to which resistance can evolve more easily than
to glyphosate.8,51 There seems to be no desire to commercialize
GR wheat or rice, the two major crops that are still not GR,
nor is there evidence for introduction of other GR crops in the
USA in the near future, although GR creeping bentgrass (Agrostis
wileyonlinelibrary.com/journal/ps Published 2017. This article is a U.S. Government work Pest Manag Sci (2017)
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stolonifera) was recently approved by the USDA for landscape
and turf use. In Brazil, a very small amount (ca. 40 ha) of GR
eucalyptus is being grown, and GR sugarcane may be introduced
eventually, but these additions will not have a significant impact
on the use of glyphosate worldwide. In the short term, glyphosate
will continue to be the most used herbicide. Unabated increases
in GR weed species and the spread of existing GR species are
likely to eventually reduce glyphosate use. Discovery of a new
broad-spectrum herbicide with a new mode of action that is as
effective as glyphosate, along with concomitant introduction of
complimentary HRCs, would probably greatly reduce glyphosate
use. If such a highly valuable product were to be introduced, I
hope that the lessons learned from the loss of utility of glyphosate
by its overuse would cause the agricultural community to adopt
integrated weed management practices that would prevent or
slow the evolution of widespread resistance.
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